Idiopathic pulmonary fibrosis (IPF) is a lethal parenchymal lung disease characterized by myofibroblast proliferation. Alveolar epithelial cells (AECs) are thought to produce myofibroblasts through the epithelial to mesenchymal transition (EMT). Receptor for advanced glycation end products (RAGE) is a member of the immunoglobulin superfamily of cell surface receptors whose activation is associated with renal fibrosis during diabetes and liver fibrosis. RAGE is expressed at low basal levels in most adult tissues except the lung. In this study, we evaluated the interaction of ligand advanced glycation end products (AGE) with RAGE during the epithelial to myofibroblast transition in rat AECs. Our results indicate that AGE inhibited the TGF-β-dependent alveolar EMT by increasing Smad7 expression, and that the effect was abolished by RAGE siRNA treatment. Thus, the induction of Smad7 by the AGE-RAGE interaction limits the development of pulmonary fibrosis by inhibiting TGF-β-dependent signaling in AECs.
Introduction
Receptor for advanced glycation end products (RAGE), which specifically binds advanced glycation end products (AGE), is a member of the immunoglobulin superfamily of cell surface receptors (Neeper et al., 1992) . RAGE was initially identified and characterized based on its ability to bind AGE adducts formed by glycoxidation, which accumulate in disorders such as diabetes . Since then, RAGE has been shown to be a pattern recognition receptor that recognizes several ligands, including amphoterins (commonly known as high mobility group box chromosomal protein, HMGB1) (Hori et al., 1995) , S100/calgranulins , amyloid beta peptide and beta fibrils (Yan et al., 1996) , and Mac-1 (Chavakis et al., 2003) .
RAGE is expressed at a low basal level in most healthy adult tissues, except the lungs (Brett et al., 1993) . RAGE expression increases whenever its ligands accumulate, and the interaction of RAGE with its ligand promotes the progression of several non-pulmonary diseases, including diabetic nephropathy, diabetic atherosclerosis, and neurodegenerative disorders (Brownlee et al., 1988; Schmidt et al., 2000 Schmidt et al., , 2001 Morcos et al., 2002) . The binding of AGE, S100/calgranulins, and HMGB1 to RAGE on vascular endothelial cells, neuronal cells, smooth muscle cells, or inflammatory cells may activate a range of signaling pathways, including those involving ERK1/2 MAP kinase, p38 and SAPK/JNK MAP kinase, rho GTPase, PI-3 kinase, and JAK/STAT, as well as the downstream activation of NF-kB (Kislinger et al., 1999; Huang et al., 2001; Yeh et al., 2001) .
The role of RAGE in the pathogenesis of idiopathic pulmonary fibrosis (IPF) is controversial (Bargagli et al., 2009) as the loss of RAGE contributes to the pathogenesis of IPF, which is involved in the regulation of the migration and proliferation of fibroblasts and other cells (Englert et al., 2008; Queisser et al., 2008) . RAGE also contributes to bleomycin-induced lung fibrosis (He et al., 2007; Hamada et al., 2008) . RAGE over-expression is evident in areas of active fibrosis, including fibroblastic foci (Morbini et al., 2006) . IPF is characterized by a sequence of events that begins with alveolar epithelial micro-injuries followed by the formation of fibroblastic foci and results in an exaggerated deposition of extracellular matrix that drives the destruction of the lung parenchymal architecture (Selman and Pardo, 2003) .
Although RAGE is highly expressed in the lung compared to other tissues, few studies have examined its role in the alveolar epithelial to mesenchymal transition (EMT), which is proposed to play a central role in the development of pulmonary fibrosis. AGE has been shown to play a role in renal tubular EMT in diabetic nephropathy; however, the interaction of AGE with RAGE in the lung EMT has not been investigated. Therefore, we investigated the AGE-RAGE interaction in the development of alveolar EMT using isolated rat alveolar type II epithelial (ATII) cells.
Results

RAGE expression in various rat tissues
Western blot analysis showed that RAGE was highly expressed in the lung compared to other rat tissues. Untreated rats (n = 3) were sacrificed and soluble tissue homogenates were prepared from various organs for the analysis of RAGE by Western blotting (Figure 1 ).
Characteristics of rat primary ATII cells
Alkaline phosphatase is an ATII cell marker in the lung (Edelson et al., 1988) . Isolated primary ATII cells showed strong positive staining for alkaline phosphatase (pink) in the cytoplasm. These cells were also stained with anti-RAGE antibodies ( Figure  2 ). In most of the cells, lamellar bodies, which are a characteristic feature of ATII cells, were clearly observed by electron microscopy ( Figure 2 ).
AGEs inhibits the TGF-β-induced EMT
The de novo expression of α-SMA and loss of E-cadherin have been used as markers of the EMT (Li et al., 2004; Kasai et al., 2005; Willis et al., 2005) . As shown in Figure 3 , AGE alone had no effect on α-SMA or E-cadherin mRNA expression at 24 h. As expected, TGF-β increased α-SMA mRNA expression and decreased E-cadherin mRNA expression. The addition of AGE inhibited the TGF-β-induced EMT in terms of α-SMA and E-cadherin mRNA expression. The addition of RAGE siRNA blocked the inhibitory effect of AGE on the TGF-β-induced EMT, and the addition of neutralizing anti-TGF-β antibodies also blocked the TGF-β-induced EMT. These findings were confirmed by Western blot analysis and two-color immunocytochemistry as shown in Figures 4 and 5. Indeed, the addition of AGE decreased TGF-β-induced α-SMA protein expression and increased TGF-β-induced E-cad- . Western blot analysis of α-SMA and E-cadherin in rat alveolar type II epithelial cells. Rat alveolar epithelial cells were stimulated with TGF-β (10 ng/ml), AGE (200 μg/ml) for 72 hours and total cell lysates were taken for immunoblot. Addition of AGE reduced the TGF-β-mediated α-SMA expression and increased the E-cadherin expression. Transfection of RAGE siRNA to the rat alveolar epithelial cells reversed the inhibitory effects of AGE on the TGF-β induced EMT. Values given are the mean ± SEM. * P ＜ 0.05, ** P ＜ 0.01 by student t test. Figure 5 . Effects of AGE on alveolar type II cell morphology and expression of α-SMA and E-cadherin. Immunoreactivity for α-SMA (green) and E-cadherin (red) was assessed by immunofluorescence 72 h after AGE treatment. Nuclei were stained with DAPI (blue). α-SMA was highly expressed in TGF-β treated alveolar type II epithelial cells but was disappeared in AGE treatment. E-cadherin expression was decreased by TGF-β but was increased by AGE treatment. AGE siRNA transfection reversed these effects of AGE on the TGF-β-mediated EMT. Results shown are representative of three independent experiments. Original magnification × 400. Quantitative real time RT-PCR analysis of α-SMA and E-cadherin in rat alveolar type II epithelial cells. Total RNA was isolated from epithelial cells in each treatment group and subjected to quantitative RT-PCR using a iQ5 cycler instrument. The mean point for the α-SMA and E-cadherin product was normalized to that of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Advanced glycation end product (AGE) alone had no effect on the epithelial-mesenchymal transition (EMT) but decreased the TGF-β-mediated EMT; decreased the α-SMA mRNA and increased the E-cadherin mRNA. RAGE siRNA transfection reversed the inhibitory effects of AGE on the TGF-β-mediated EMT. Statistical analysis was performed using student's t test; * P ＜ 0.05, ** P ＜ 0.01.
herin protein expression at 72 h (Figure 4 ). The inhibitory effect of AGE on the TGF-β-induced EMT was also reversed by RAGE siRNA treatment at the protein level. These findings were confirmed by two-color immunocytochemistry ( Figure 5 ).
Effects of AGE on TGF-β-dependent SMAD-2 phosphorylation and SMAD-7 expression
As shown in Figure 6 , TGF-β-induced SMAD-2 phosphorylation was suppressed by the addition of AGE, and this effect was reversed by RAGE siRNA treatment as shown by Western blot analysis. In contrast, the addition of AGE reversed the TGF-β- Figure 7 . AGE reversed the TGF-β-mediated down-regulation of Smad7 expression. Alveolar epithelial cell lysates were subjected to Western blotting using an anti-Smad7 antibody. RAGE siRNA reversed the effects of AGE on the TGF-β mediated down-regulation of Smad7. Blots were analyzed by densitometry and the expression of Smad7 was compared to control values. Statistical analysis was performed using student's t test; * P ＜ 0.05, ** P ＜ 0.01 Figure 8 . AGE or anti-TGF-β antibody inhibited the TGF-β mediated ERK1/2 phosphorylation. RAGE siRNA did not reverse the inhibitory effects of AGE on the TGF-β mediated ERK1/2 phosphorylation. Blots were analyzed by densitometry and the ratio of pERK1/2 to ERK1/2 was compared to control ratio. Statistical analysis was performed using student's t test; * P ＜ 0.05, ** P ＜ 0.01. Figure 6 . AGE decreased the TGF-β-mediated Smad2 phosphorylation in rat alveolar type II epithelial cells. Alveolar epithelial cell lysates were subjected to Western blotting using an anti-pSmad2 and total Smad2 antibody. Blots were analyzed by densitometry and the ratios of pSmad2 to Smad2 were compared with control. Statistical analysis was performed using student's t test; * P ＜ 0.05, ** P ＜ 0.01. dependent suppression of SMAD-7 expression. This effect was also reversed by the addition of RAGE siRNA (Figure 7 ).
Effects of AGE on TGF-β-dependent ERK1/2 phosphorylation
The signaling pathway whereby AGE inhibits the EMT via a TGF-β-dependent mechanism was also explored. As shown in Figure 8 , TGF-β induced ERK1/2 phosphorylation, and the addition of AGE inhibited TGF-β-dependent ERK1/2 MAP kinase signaling. The addition of RAGE siRNA did not block the effect of AGE on TGF-β-dependent ERK1/2 phosphorylation. In contrast, anti-TGF-β antibodies inhibited the TGF-β-dependent activation of ERK1/2.
Discussion
In the present study, we demonstrated for the first time that AGE inhibits the TGF-β-dependent EMT in rat alveolar epithelial cells via its interaction with RAGE. Our findings differ from those in studies of diabetic nephropathy and renal fibrosis (Makita et al., 1991; Vlassara et al., 1994) . RAGE is involved in the process of fibrotic change in several organs, including peritoneal fibrosis (Schwenger et al., 2006) and kidney fibrosis (Li et al., 2004; Bohlender et al., 2005) . However, the AGE-RAGE interaction in the development of pulmonary fibrosis, especially in the area of the EMT, is not clearly understood. RAGE, a receptor for AGE, is a multi-ligand receptor on vascular cells that plays a key role in the inflammatory processes (Schmidt et al., 2001) induced by AGE, which accumulates during hyperglycemia and oxidative stress. Moreover, RAGE binds amyloid components, which are characteristic in Alzheimer's disease (Yan et al., 1996) , as well as S100/calgranulin family proteins and HMGB1, which have proinflammatory effects (Chavakis et al., 2004) .
In this study, we detected significant RAGE expression in normal rat lung tissue, whereas all other major organs exhibited low basal levels of expression. RAGE is constitutively expressed during embryonic development (Oldfield et al., 2001) , but its expression is down-regulated in adults except for in the lungs, where it is constitutively expressed (Brett et al., 1993) . This observation suggests that RAGE helps protect the lungs from injury. Soluble RAGE (sRAGE) is a soluble isoform of RAGE that lacks a transmembrane domain and is secreted (Malherbe et al., 1999) . sRAGE is a decoy molecule due to its ability to bind RAGE ligands and inhibit RAGE signaling. In bleomycin-injured mice, pulmonary sRAGE, which is predicted to have protective effects against inflammatory injury, was not detected (Hanford et al., 2003) . A separate study showed the significant down-regulation of RAGE in lung homogenates and ATII cells from patients with IPF, as well as in bleomycin-treated mice (Queisser et al., 2008) . These findings conflict with results from previous papers showing that RAGE contributes to bleomycin-induced lung fibrosis (He at al., 2007; Hamada et al., 2008) .
The present study showed that the AGE-RAGE interaction inhibited the TGF-β-induced rat alveolar EMT and was reversed by RAGE siRNA treatment. The transition of alveolar epithelial cells to myofibroblasts in the presence of TGF-β strongly suggests that epithelial cells serve as a source of myofibroblasts in pulmonary fibrosis, possibly in response to epithelial cell injury. It is increasingly acknowledged that alveolar epithelial cells undergo the EMT when chronically exposed to TGF-β (Willis et al., 2005) , and that myofibroblasts constitute fibroblastic foci and are considered to be central to the pathogenesis of IPF. Our results differ from those of previous studies showing that AGE induces the renal tubular epithelial to myofibroblast transition through the RAGE-ERK1/2 MAP kinase pathway (Li et al., 2004) . In contrast, we found that AGE inhibited TGF-β-induced ERK1/2 and SMAD2 phosphorylation, and increased SMAD7 expression, which was suppressed by TGF-β. TGF-β induces the alveolar EMT in human lung epithelial cells via a SMAD2-or SMAD3-dependent pathway (Yao et al., 2004; Kasai et al., 2005; Hackett et al., 2009) and is considered to be an important step toward fibroblastic foci formation in IPF (Thannickal et al., 2004; Gharaee-Kermani et al., 2007) . SMAD7 inhibits TGF-β signaling through competitive binding to type 1 receptors, and it inhibits the activation of SMAD2/3 (Li et al., 2003) . In addition, SMAD7 inhibits α-SMA expression in rat lung epithelial cells (Shukla et al., 2009) . Our data suggest that AGE inhibited TGF-β-dependent SMAD2 phosphorylation via SMAD7 activation. As TGF-β is a potent inducer of extracellular matrix formation and has been implicated as a key mediator of lung fibrogenesis, the inhibitory effect of AGE on TGF-β-induced ERK1/2 MAPK and SMAD2 phosphorylation is interesting. Although many other reports indicate that RAGE signaling is important in the pathophysiology of non-pulmonary and certain pulmonary diseases, we found that RAGE signaling through AGE inhibited the EMT and TGF-β-induced SMAD2 phosphorylation in rat alveolar epithelial cells by SMAD7 activation.
The present study has certain limitations, the most important being that we did not use other primary epithelial cells, such as renal tubular epithelial cells, which have been extensively studied in the tubular EMT in diabetic nephropathy, concomitantly with alveolar epithelial cells. Further, we did not study the underlying mechanism of how AGE elevates SMAD7 expression in rat alveolar epithelial cells. Notwithstanding these limitations, our findings suggest that the basal high level of RAGE expression in the lungs plays an important protective role in the development of pulmonary fibrosis by inhibiting the TGF-β-induced EMT.
Methods
Preparation of AGE-BSA protein AGE-BSA was prepared according to a modified version of a previously described protocol (Valcourt et al., 2007) . BSA (50 mg/ml; Fraction V, Sigma, St. Louis, MO) was incubated with 0.6 M D-ribose and incubated at 37 o C for one week in phosphate-buffered saline (PBS) containing 100 U/ml penicillin and 100 μg/ml streptomycin. Unincorporated sugars were removed using PD-10 desalting columns (GE Healthcare, Uppsala, Sweden).
ATII cell isolation and characterization
ATII cells were isolated from seven-week-old male SpragueDawley (SD) specific pathogen-free rats as described previously (Richards et al., 1987) . Primary rat ATII cells were plated onto Petri dishes to avoid contamination with fibro-blasts, macrophages, and neutrophils. After incubation for 1 h, the cells were resuspended in DMEM medium supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin.
RNA interference and transfection
The isolated ATII cells were transfected with RAGE siRNA (Santa Cruz Biotechnology, Santa Cruz, CA) according to the manufacturer's instructions. Cells were grown to confluence without antibiotics and treated with 80 μmol of RAGE siRNA for 7 h at 37 o C. The cells were washed with 2 × normal growth medium containing antibiotics then incubated in 1 × normal growth medium for 72 h.
Cell culture
ATII cells were used ten days after being isolated. Each group was pre-treated with RAGE siRNA or anti-TGF-β (10 μg/ml) for the RAGE inhibition study, and then stimulated with AGE (200 μg/ml) or TGF-β (10 ng/ml). All cells were cultured in DMEM medium supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37 o C in a humidified 5% CO2 water-jacketed incubator.
Alkaline phosphatase staining and morphological analysis of rat ATII cells
The ATII cell phenotype was confirmed by alkaline phosphatase staining as described previously (Witherden et al., 2004) followed by transmission electron microscopy. Cells were fixed with 4% paraformaldehyde and stained with naphthol/fast red violet solution for 15 min at room temperature according to the manufacturer's protocol (Millipore, Billerica, MA). Positive cells appeared dark pink by light microscopy. To visualize the ATII cell structure and lamellar bodies, cells were fixed with glutaraldehyde and observed by transmission electron microscopy.
Immunocytochemistry for RAGE, α-SMA, and E-cadherin
Cultured ATII cells were fixed with 2% paraformaldehyde in PBS. For RAGE immunostaining, cells were incubated with anti-RAGE antibodies (1:200; Santa Cruz Biotechnology) at 4 o C overnight. The colorimetric reaction was developed with 3,3'-diaminobenzidine tetrachloride (Zymed Laboratory Inc., South San Francisco, CA). For the EMT study, cells were fixed with 2% paraformaldehyde and then double-stained with antibodies against α-SMA and E-cadherin (1:50, Santa Cruz Biotechnology). Positive cells were observed by confocal microscopy.
Real time RT-PCR for α-SMA and E-cadherin
ATII cells were harvested 24 h after stimulation with AGE. RNA was extracted using TRIZOL reagent (Invitrogen, Carlsbad, CA) and then reverse-transcribed into cDNA. The cDNA was amplified in an iQ5 cycler (Bio-Rad, Hercules, CA) with SYBR Green Real-Time Premix (RBC Bioscience, Chung Ho City, Taiwan) using specific primer pairs (α-SMA: 5'-CGGGCTTTGCTGGTGATG-3' / 5'-GGT CAGGATCCCTCTCTTGCT-3'; E-cadherin: 5'-GGCCCAG GAGCTGACAAAC-3' / 5'-CCAGAGGCTGCGTCACTTTC-3'). The cycling conditions were 45 cycles at 60 o C. The amount of product was normalized with glyceraldehyde-3-phosphate dehydrogenase (GAPDH: 5'-CAACTCCCTCAAGATTGTCA GCAA-3' / 5'-GGCATGGACTGTGGTCATGA-3').
Western blotting
Brain, heart, lung, liver, and kidney tissues were collected from SD rats (seven-week-old males) and disrupted with RIPA buffer by homogenization. The isolated ATII cells were destroyed in RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% SDS, 1% NP-40, and 0.5% deoxycholic acid, pH 7.5) on ice for 30 min. The proteins (50 μg) extracted from the different tissues or ATII cells were quantified by the Bradford method and subjected to Western blot analysis using the following antibodies: anti-RAGE, anti-α-SMA, anti-E-cadherin, anti-ERK, anti-SMAD-2 (1:200, Santa Cruz Biotechnology), anti-SMAD-7 (1:500, R&D Systems, Minneapolis, MN), and anti-β-actin (1:50,000, Sigma).
Statistical analysis
All values are expressed as the mean ± SEM from at least three independent experiments. Differences between the control and experimental groups were compared using Student's t-test (SPSS version 10.0.7, SPSS Inc., Chicago, IL). Results were considered statistically significant at P ＜ 0.05.
